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The Dlx family of homeodomain transcription factors have diverse roles in development including craniofacial morphogenesis and
consists of 6 members with overlapping expression patterns. Dlx2 is expressed within the developing branchial arches in both the epithelium
and mesenchyme and targeted deletion in mice has revealed roles in patterning and development of the craniofacial skeleton. Defects in Dlx2
null mice include skeletal anomalies of proximal branchial arch 1 derivatives while distal elements are largely spared indicating redundancy
within the Dlx family. We have investigated the function of Dlx2 using in ovo electroporation and cell culture. Ectopic expression of Dlx2
within the neural tube beginning prior to emigration of neural crest cells at E1.25 drastically inhibits the migration of transfected cells and
induces aggregation of transfected neuroepithelial cells within the neural tube at 24 h post-electroporation. By 48 h post-electroporation, the
majority of transfected cells formed multicellular aggregates that were found adjacent to the basal side of the neural tube and very few Dlx2
expressing cells migrated to the level of the branchial arches. Similar results were obtained for Dlx5, suggesting these effects may be
common to Dlx genes. Electroporation of the Dlx2 expression construct into branchial arch mesenchyme induced N-cadherin and NCAM, a
dramatic increase in cell–cell adhesion relative to controls, and resulted in an increase in mesenchymal condensation. These results suggest a
role for Dlx genes in regulating ectomesenchymal cell adhesion and supports the possibility that the skeletal dysmorphology seen in Dlx null
mice may derive from abnormalities at the condensation stage.
D 2005 Elsevier Inc. All rights reserved.
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Dlx genes are required for normal development of the
craniofacial skeleton. There are six members of the Dlx
family of transcription factors in mice and humans, and all
are expressed during craniofacial development (Panganiban
and Rubenstein, 2002). Dlx2 is widely expressed through-
out branchial arches 1 and 2 in neural crest-derived cells,
including those of the maxillary process (Bulfone et al.,
1993), and this expression pattern overlaps extensively
with Dlx1. Dlx5 and Dlx6 are initially restricted to the0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: peter.farlie@mcri.edu.au (P.G. Farlie).mandibular process and Dlx3 and Dlx4 (previously named
Dlx7, Panganiban and Rubenstein, 2002) are restricted
further distally in the mandibular process, in a nested
fashion (Acampora et al., 1999; Davideau et al., 1999;
Depew et al., 1999; Dolle et al., 1992; Qiu et al., 1997;
Robinson and Mahon, 1994). In addition to the ectomesen-
chymal expression domain, Dlx1, 2, and 3 are also
expressed in the medial ectoderm of the mandibular process.
Dlx genes are expressed at sites of epithelial–mesenchymal
interactions (Ferguson et al., 2000; Rouzankina et al., 2004;
Thomas et al., 2000), which are required for normal skeletal
and tooth development.
Targeted deletion in mice of single or multiple Dlx genes
has demonstrated unique and redundant roles for the Dlx281 (2005) 22–37
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skeletal structures along the proximodistal axis of the first
and second branchial arches (Acampora et al., 1999;
Beverdam et al., 2002; Depew et al., 1999, 2002; Qiu et
al., 1995, 1997). In the absence of Dlx1 and/or Dlx2,
skeletal structures arising from the maxillary region and
proximal second arch are dysmorphic or absent, and ectopic
skeletal structures are formed in Dlx2 and Dlx1/Dlx2 null
mice (Qiu et al., 1995, 1997). Mandibular structures are
largely spared in the absence of Dlx1 and/or Dlx2. Dlx5 null
mice have, among other defects, dysmorphic proximal
mandibular arch structures (Acampora et al., 1999; Depew
et al., 1999), and Dlx5/Dlx6 null mice have a mirror image
maxilla-like structure in place of the mandible (Beverdam et
al., 2002; Depew et al., 2002). Despite these valuable
insights into the function of Dlx genes in craniofacial
morphogenesis, their role in regulating specific cellular
activities during morphogenesis remains unclear.
The major events required for the correct development of
the craniofacial skeletal structures include the migration of
cranial neural crest into the branchial arches, stage-specific
epithelial–mesenchymal interactions which induce mesen-
chymal condensations of the appropriate size and location,
and differentiation into skeletogenic cell types (Hall and
Miyake, 2000). Mesenchymal condensations are a prereq-
uisite for differentiation of cranial neural crest into
chondrogenic and osteogenic cells (DeLise et al., 2000a;
Hall and Miyake, 1992, 1995, 2000). Interactions between
the epithelium and mesenchyme initiate condensation
formation (Hall, 1978; Tyler and Hall, 1977) which result
in an increase in the density of cell packing and are thought
to facilitate enhanced cell–cell communication required for
subsequent lineage acquisition. Cells within a condensation
are induced to secrete a number of extracellular matrix
molecules such as tenascin-C (Gluhak et al., 1996; Mackie
and Murphy, 1998; Mackie et al., 1987), fibronectin, and
collagens that form much of the extracellular matrix in early
cartilage and bone (DeLise et al., 2000a). The size and
shape of mesenchymal condensations dictates the form of
the subsequent skeletal elements and a number of skeletal
defects have been attributed to alterations at the condensa-
tion phase (Hall and Miyake, 1992, 1995; Mundlos and
Olsen, 1997). It has been proposed that the ectopic,
supposedly atavistic skeletal structures in knockouts such
as Dlx2 and Hoxa2 null mice could be due to alterations in
the size and position of condensations (Hall and Miyake,
2000; Smith and Schneider, 1998).
Among the molecules involved in the formation of
condensations are the cell adhesion molecules N-cadherin
and neural cell adhesion molecule (NCAM). N-cadherin
expression is upregulated prior to initiation of condensa-
tion, followed shortly after by an upregulation of NCAM
(Tavella et al., 1994). Over-expression of N-cadherin or
NCAM in limb bud mesenchyme in vitro increased
condensation and chondrogenesis (DeLise and Tuan,
2002b; Widelitz et al., 1993). Conversely, perturbationsof N-cadherin or NCAM by function-blocking antibodies
or expression of deletion mutant forms of N-cadherin
reduced the extent of condensation and chondrogenesis,
indicating a role for N-cadherin and NCAM in mediating
this phenomenon (DeLise and Tuan, 2002a,b; Oberlender
and Tuan, 1994; Widelitz et al., 1993).
We have investigated the role of Dlx2 and Dlx5 in
regulating craniofacial morphogenesis at the cellular level
using in ovo electroporation. We demonstrate here that Dlx2
and Dlx5 over-expression reduces neural crest cell migra-
tion and enhances cell–cell adhesion within the neural tube
and branchial arch mesenchyme, and that functionally this
adhesion is in part calcium-dependent. The increase in cell–
cell adhesion within branchial arch mesenchyme corre-
sponds with a dramatic upregulation of N-cadherin and
NCAM and over-expression of Dlx2 in branchial arch
mesenchyme in high-density cultures increased the level of
mesenchymal condensation. We propose that regulation of
cell adhesion is one of the mechanisms by which Dlx genes
regulate the craniofacial morphogenetic program.Materials and methods
Constructs
The coding regions of mouse Dlx2 and chick Dlx5 were
amplified from mouse E10.5 cDNA or chick E3 cDNA,
respectively, and directionally cloned into pMES (IRES-
GFP construct driven by a chick h-actin promoter, kindly
donated by C. Krull, Swartz et al., 2001). Clones were
sequenced and found to have no coding mutations. Both
empty pMES or CMS-EGFP vectors were used as controls.
DNA was prepared using Qiagen filter columns and used at
a final concentration of 4 Ag/Al in H2O.
Electroporation
Hamburger and Hamilton Stage (HH, Hamburger and
Hamilton, 1951) 7–8 (1–6 somite, E1.25) chick embryos
(Research Poultry, Research, Australia) were used for
cranial electroporations and HH13 embryos for trunk
electroporations. The shell was opened, and India ink
(Pelikan No. 17 Black, Pol equipment, Sydney, Australia),
diluted 1:20 in phosphate buffered saline (PBS), was
injected under the blastoderm using a 30-gauge needle to
visualize the embryo. A small hole was created in the
vitelline membrane near the first somite. 1 Al of DNA was
mixed with a small amount of fast green (Sigma, MO), and
drawn into a finely pulled glass pipette. DNA was then
injected into the midbrain/rostral hindbrain region of the
neural tube using a mouth pipette. Approximately 0.01 to
0.05 Al of DNA was injected into each embryo. 100 Al of
PBS was then placed on the embryo, and 0.8 mm gold
electrodes placed either side of the embryo, with the anode
to the right side. Embryos were electroporated with 3 pulses
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830 (Fisher Biotec, West Perth, Australia). For trunk
electroporations, DNA was injected into the neural tube
caudal to the last somite and embryos were electroporated
with 3 pulses of 25 V, 50 ms. Approximately 5 ml of
albumen was removed to lower the yolk and the egg sealed
with sticky tape and reincubated at 388C for 1 to 7 days.
Embryos were then removed, placed in PBS, and viewed as
wholemounts using a Leica MZ FL III fluorescence stereo-
microscope (Leica microsystems, Switzerland). Images
were captured using a Leica DC200 digital camera III and
processed with Leica IM1000 software. Embryos were fixed
in 4% paraformaldehyde in PBS (PFA) for 30 min at RT,
then washed in PBS. For cyrostat sectioning, embryos were
placed in 30% sucrose in PBS overnight, embedded in TBS
Tissue Freezing Medium in Tissue Tek cryomoulds (both
from ProSciTech, Thuringowa, Australia) and frozen in dry-
ice-cooled isopentane. 10- to 20-Am sections were cut
transversely using a Leica CM 1900 cryostat microtome and
collected on Superfrost microscope slides (Biolab Scientific,
Auckland, NZ) coated with poly-l-lysine.
Grafting
Quail HH7–8 embryos (Lago Game, Thomastown,
Australia) were electroporated as above, using 3 pulses of
25 V, 50 ms on each side of the neural tube. Eggs were
sealed and reincubated for approximately 1 h. Neural folds
were then dissected in Ham’s F12 from the midbrain to mid-
hindbrain, and separated from surrounding tissue using 2
mg/ml Dispase II (Roche, Germany). Mandibular processes
of HH14–15 branchial arch 1 were bilaterally dissected and
the epithelium removed following 20-min incubation in 4
mg/ml Dispase. Branchial arches were then placed into a 10-
cm Petri dish of PBS, and DNA mixed 1:1 with glycerol and
a small amount of fast green was injected into and over the
tissue. Electrodes were immediately placed either side of the
tissue spaced approx. 3 mm apart, and 5 pulses of 100 V, 50
ms applied. Tissue was immediately transferred into tissue
culture medium (TCM; 10% fetal calf serum, 100 U/ml
penicillin, 100 Ag/ml streptomycin, 200 mM l-glutamine in
Ham’s F12, all from Thermo Trace, Noble Park, Australia),
and small pieces were grafted into HH8–9 chicken embryos
within 1 h of electroporation. Grafts were transferred using
fine glass needles and placed adjacent to rhombomeres 1
and 2, immediately under the ectoderm (McKeown et al.,
2003). Embryos were resealed and incubated a further 2
days at 388C, then viewed and fixed as above. Embryos
were immunolabeled as wholemounts for the quail-specific
marker QCPN, supplied by the Developmental Studies
Hybridoma Bank (University of Iowa, Iowa City, IA).
Embryos were blocked in 1% bovine serum albumin (BSA)
with 0.3% Triton X-100 (Tx) in PBS, incubated in mouse
anti-QCPN supernatant diluted at 1/50 in BSA/Tx/PBS
overnight at 48C, washed thoroughly in PBS and incubated
overnight at 48C in donkey anti-mouse IgG Alexa 594diluted 1/1500 (Molecular Probes, Eugene, OR). Embryos
were washed in PBS, viewed again, and sectioned as above.
Cell–cell aggregation assay
Branchial arch mesenchyme was electroporated and
cultured overnight as above. Cells were removed from the
dish and made into a single-cell suspension by washing in
PBS, adding 0.025% trypsin (ThermoTrace) and 2 mM
EDTA for 15 min at 378C, and dissociating by trituration.
5 mM calcium and 10% fetal calf serum (FCS) were added
to the cells, which were counted, spun down, and resus-
pended in adhesion medium (2%FCS, penicillin/streptomy-
cin, l-glutamine in Ham’s F12) at a concentration of 1 
106 cells/ml. 100-Al standing drops of cell suspension were
placed on 1% heat-treated BSA-coated 3-cm bacteriological
dishes, and rotated on an orbital shaker at a speed of
115 rpm. Cultures were examined at 3-h intervals and
images were captured using phase contrast and fluorescence
optics. In several cultures, calcium was not added back after
resuspension of the cells, and 1 mM EGTAwas added to the
adhesion medium to bind calcium and assess the role of
calcium-dependent cadherins in cell–cell aggregation.
Two-dimensional cell culture
Quail cranial neural tubes were electroporated and
dissected as described above for grafting, placed into
TCM, and triturated briefly to dissociate the tissue. A
standing drop of 100 Al of 20 Ag/ml fibronectin (Roche)
diluted in Ham’s F12 was placed on a 3-cm bacteriological
dish and incubated at 378C for 1 h before use. The excess
fibronectin was then replaced with 100 Al of tissue in TCM
for 1 h until the cells adhered to the matrix and then fed with
1 ml of TCM. Branchial arches from HH17–20 quail were
dissected and electroporated as above. Tissue was then
transferred to 500 Al TCM and triturated using a P200
pipette with yellow tip. Additional medium was added and 1
ml transferred to 3-cm bacteriological dishes pre-coated
with fibronectin. In some cases, electroporated branchial
arch mesenchyme was FAC-sorted to isolate GFP cells.
Following overnight incubation, cells were removed from
the dishes and made into a single-cell suspension as
described above, then passed through a FACStar sorter
(Becton Dickinson, USA). Approximately 8–10% of total
cells were GFP positive. Transfected cells were then re-
cultured on fibronectin-coated dishes. Cultures were main-
tained at 378C for 2 days then fixed in 4% PFA for 15 min at
RT, and washed in PBS.
Micromass cultures
Branchial arch mesenchyme was electroporated using a
method adapted from DeLise and Tuan (2000). The
maxillary and mandibular processes of HH17–20 quail
embryos were dissected and the epithelium was removed
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were dissociated into a single-cell suspension using trypsin
and EDTA as described above. Cells were spun down and
resuspended in 10% FCS in PBS. 20 Ag DNAwas added to
400 Al cell suspension in a 4-mm gap width electroporation
cuvette (Bio-Rad Laboratories, Hercules, CA). The cuvette
was placed on ice for 10 min before and after electro-
poration. Cells were electroporated using 380 V, 250 AF and
lV. Following electroporation, cells were plated and
cultured overnight to select for live cells. The next day,
cells were trypsinized and adjusted to a concentration of 2 
107 cells/ml in TCM with the addition of 250 AM l-ascorbic
acid (Sigma). 10-Al drops of cell suspension were placed in
wells of a 24-well tissue culture plate and incubated for 1–2
h, then topped up with 1 ml of medium (Fang and Hall,
1996; Wedden et al., 1986). Half the medium was replaced
every second day. Cultures were fixed after 1–5 days in 4%
PFA for 15 min, then washed in PBS. Twelve cultures of
each transfection were fixed after 4–5 days and alcian blue
stained according to the method in DeLise et al. (2000b).
Immunofluorescence
Sections and cultures were permeabilized with 0.1% Tx
in 1% BSA in PBS for 15 min at RT, cultures were then
washed in PBS, and dried around the explant. Primary
antibodies were diluted in 1%BSA/PBS and 100 Al applied
as a standing drop on cultures or on slides followed by a
coverslip, and incubated overnight at 48C. Primary anti-
bodies used were: mouse anti-AP-2a (3B5, 1/20) and mouse
anti-collagen II (II-II6B3, 1/50, both supplied by the
Developmental Studies Hybridoma Bank), mouse anti-
HNK-1 (1/50, hybridoma maintained at MCRI), rabbit
anti-Neural Cell Adhesion Molecule (NCAM, 1/1000,
Chemicon), rabbit anti-laminin IgG (1/200, Sigma), rabbit
anti-neurofilament-M 145 kD C-terminal IgG (NF, 1/200,
AB1987, Chemicon), Tuj1 (mouse IgG anti-neuronal h-
tubulin III, 1/400, Molecular Probes), HuC/HuD (mouse
IgG anti-human neuronal protein, 1/50, Molecular Probes),
rabbit anti-SoxE IgG (recognizes Sox8, Sox9, and Sox10; 1
Ag/ml, kindly provided by C. Smith, MCRI), goat anti-GFP
(1/400, Rockland, PA), mouse anti-N-cadherin (clone GC-4,
1/100, Sigma), mouse anti-E-cadherin (1/100, Transduction
Labs, KY), mouse anti-cadherin 7 (1/100, kindly supplied
by M. Takeichi), and biotinylated peanut agglutinin lectin
(20 Ag/ml, Sigma). Sections and cultures were washed three
times in PBS and secondary antibodies diluted in 1%BSA/
PBS applied as a standing drop for 2–3 h at RT, then washed
three times in PBS and mounted in Dako Vectashield
(Vector Laboratories, Inc., CA). Secondary antibodies or
probes used were: donkey anti-rabbit and donkey anti-
mouse Alexa 594 (1/1500), donkey anti-sheep Alexa 488 (1/
500), streptavidin Alexa 594 (1/200, all from Molecular
Probes), goat anti-mouse IgM Texas red (1/800), biotiny-
lated donkey anti-rabbit (1/100), and streptavidin AMCA (1/
500, all from Jackson ImmunoResearch, PA). Severalcultures were counterstained in DAPI. Sections were viewed
using an Olympus IX70 inverted fluorescence microscope
and images captured using a Spot RT monochrome camera
and Spot software (Ver3.5; Diagnostic Instruments Inc.,
Scitech, Australia). Images were compiled using Adobe
Photoshop 6.0 (Adobe Systems Inc., CA).Results
Dlx2 expression in cranial neural tube induces cellular
aggregation
pMes Dlx2 or a control GFP-only plasmid was electro-
porated into the cranial neural tube from the caudal
forebrain to the most rostral somite of 3–5 somite (HH7–
8) chicken embryos and examined from 18 h to 7 days post-
electroporation. A variable number of neuroepithelial, neural
crest and some epidermal ectoderm cells are transfected on
one side of the embryo using this method, interspersed with
many untransfected cells. The gross morphology of Dlx2
electroporated embryos (n = 27) appeared normal and
comparable to control GFP-only embryos (n = 16) at all
ages examined. Neural tube and neural crest cells trans-
fected with GFP-only control plasmid behaved as normal
untransfected cells. However, differences were apparent
between control and Dlx2 transfected embryos from 18 h
post-electroporation (hpe). Control transfected cells were
dispersed in the neural tube and migrated along neural crest
pathways (Fig. 1a). In comparison, few Dlx2 transfected
cells migrated from the neural tube, and some Dlx2
transfected cells in the neural tube were aggregated into
small clusters (Fig. 1b). From 24 hpe, numerous Dlx2
transfected cells in the neural tube clustered together into
columnar aggregates, which could be observed in whole-
mounts and sections (Figs. 1e,f). The aggregates were
located within the walls of the neural tube, consisting of
variable numbers of cells extending between the apical and
basal surfaces. Several-fold fewer Dlx2 transfected cells
migrated from the neural tube compared to control cells
(Figs. 1c–f). The number and size of Dlx2 transfected cell
aggregates increased over time, and at 48 hpe many could
be observed over the surface of the neural tube in whole-
mount specimens (Fig. 1i). Few migratory Dlx2 transfected
cells could be seen in normal neural crest target locations
including the trigeminal ganglia and branchial arches,
compared with the extensive migration typical of control
transfected cells (Figs. 1g–j). Comparison of the expression
of neural crest markers and size of the branchial arches on
the transfected and untransfected side of embryos (Figs.
2a,b) revealed that over-expression of Dlx2 did not affect
the production or migration of a normal quotient of
untransfected neural crest cells on the transfected side of
the embryo.
The behavior of Dlx2 transfected cells fell into three
groups. (1) A small number of Dlx2 transfected cells
Fig. 1. GFP fluorescence images of chick embryos electroporated at 3–6 somites. Images are shown in inverted grayscale to enhance contrast. Control
(a,c,d,g,h) and Dlx2 (b,e,f,i,j) electroporated embryos are illustrated. Cranial wholemount view of (a) control and (b) Dlx2 electroporated embyros 18 hpe.
Control neural crest cells have undergone extensive migration while Dlx2 neural crest are significantly delayed. NT, neural tube; BAI, branchial arch I. By 24
hpe, (c) control neural crest have reached the branchial arches and (d) can be seen in transverse sections distributed throughout and migrating from the cranial
neural tube. (e) In contrast, very few Dlx2 expressing neural crest have reached the branchial arches and (f) the majority of cells remaining in the neural tube
have started to form aggregates which can be seen embedded in the neural tube in sections. At 48 hpe, control neural crest cells (g,h) have populated the
trigeminal ganglia (arrow) and branchial arches. (i) Dlx2 transfected cells exhibit restricted migration and neuroepithelial cells remaining in the neural tube
have undergone extensive aggregation and can also be seen aggregating within the developing eye (E). (j) Aggregates and isolated transfected cells can be seen
in transverse sections through the cranial neural tube and a small number of Dlx2 transfected cells are incorporated into the region of the trigeminal ganglia
(arrow).
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crest pathways toward the cranial ganglia and branchial
arches. (2) Many Dlx2 transfected cells formed aggregates
within the neural tube, the majority of which became
localized to the apical or basal surface and moved outside
the neural tube. (3) A small but significant number of Dlx2
transfected cells remained as single cells within the neural
tube, and displayed normal spindle-shaped neuroepithelial
cell morphology.
The few Dlx2 transfected cells that migrated from the
neural tube followed normal neural crest pathways and
some expressed the neural crest marker AP-2a at 20 hpe
(Figs. 2a–d); however, at 18 hpe, they failed to express
another neural crest marker, Sox10 (Figs. 2e,f). Dlx2
transfected cells were occasionally seen in the region ofthe trigeminal ganglia, and some were detected in the
branchial arches. The cells near the trigeminal ganglia were
usually located around the periphery of the ganglia and
along the developing nerves rather than distributed within
the ganglia-like control cells. Dlx2 transfected cells in the
first branchial arch were mainly located in the neural crest-
rich periphery; however, a significant proportion were found
in the mesodermally-derived core region of the arch, which
is normally free of neural crest cells (Figs. 2g,h). Many of
the Dlx2 transfected cells that were found migrating or
present in the branchial arch were isolated and not in contact
with other transfected cells.
The behavior of aggregated Dlx2 transfected cells in the
neural tube changed with time. At 24 hpe, aggregates were
columnar and extended from the apical to basal surfaces of
Fig. 2. Characterization of Dlx2 transfected cell behavior. Dorsal is to the
top and transfected cells are stained green (GFP). (a) At 20 hpe, Control
transfected neural crest cells expressed the neural crest cell marker AP-2
(red) and migrated to branchial arch I with non-transfected neural crest
cells. Boxed region is shown at higher power in (c). (b) A similar number of
non-transfected neural crest cells expressing AP-2 (red) from both the
electroporated and non-electroporated sides migrated to branchial arch I in
Dlx2 transfected embryos at 20 hpe. The non-electroporated and electro-
porated sides of branchial arch I are indicated by arrows. Boxed region in
(b) shown at higher power in (d) shows some migratory Dlx2 transfected
cells expressed AP-2 (arrows). (e) Control transfected, migratory cells at 18
hpe expressed the neural crest cell marker Sox10 (blue) and appear
turquoise in color (arrows) while (f) Dlx2 transfected migratory cells do not
(green). (g) Control transfected neural crest cells migrated to the branchial
arch extensively but were excluded from the mesodermal core (M, stained
with N-cadherin in red and NCAM in blue). (h) In contrast, few Dlx2
transfected neural crest cells migrated to the branchial arch but the few that
did were frequently found incorporated into the mesodermal core region.
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aggregates detached from either the apical or basal surface
of the neural tube and were mainly or only associated with
either the basal or apical surface. Some aggregates on the
basal surface protruded outward into the mesenchyme (Fig.
3b). Such aggregates were observed at all dorsoventral
levels of the neural tube and those located at the basal
surface were associated with a significant loss of laminin-
rich basal lamina immediately adjacent to aggregates (Fig.
3b). Interestingly, at 48 hpe, some aggregates were located
outside the basal surface of the neural tube (Fig. 3c). Based
on observations of the location of aggregates at various time
points and the loss of basal lamina adjacent to protruding
aggregates, the results suggest that aggregated Dlx2 trans-
fected cells from all dorsoventral levels can break through
the basement membrane to be located outside the neural
tube. However, we cannot rule out the possibility that some
Dlx2 aggregates outside the neural tube emerged from the
dorsal neural tube and moved ventrally along the basement
membrane. It was not clear whether the aggregates were
passively expelled from the neural tube or had actively
migrated out. This segregation and separation of Dlx2
expressing aggregates superficially resembles the initial
phase of exteriorization of neural crest cells from the dorsal
neural tube, but occurred at all dorsoventral levels of the
neural tube. Dlx2 transfected aggregates outside the neural
tube were positive for the cell adhesion molecules NCAM
and N-cadherin (Figs. 3d–f). Upregulation of N-cadherin
and NCAM was also seen in some isolated, migratory Dlx2
transfected cells while neither aggregated nor single Dlx2
transfected cells were positive for E-cadherin or cadherin-7
(not shown).
To test whether over-expression of Dlx2 could promote
aggregation in cells that do not normally express Dlx2, we
electroporated Dlx2 into the trunk neural tube of E2
embryos. Similarly to cranial levels, trunk neuroepithelial
Dlx2 transfected cells aggregated into distinct clusters,
observed at 48 hpe (Fig. 4a).
At 48 hpe at cranial levels, many Dlx2 transfected cells,
both in clusters and as single neuroepithelial cells, expressed
the early neuronal marker HuC/HuD (Fig. 4b). The vast
majority of control and untransfected HuC/HuD positive
cells are located at the basal surface of the neural tube.
Interestingly, some of the Dlx2 HuC/HuD positive neuro-
epithelial cells were elongated cells that extended the full
width of the neural tube (arrowheads in Fig. 4b), suggesting
that over-expression of Dlx2 in neuroepithelial cells may
favor expression of early neuronal markers. However, few
non-aggregated Dlx2 transfected cells outside the neural
tube expressed HuC/HuD. Some, but not all of these non-
aggregated Dlx2 transfected cells in the dorsal head
mesenchyme expressed HNK-1 at 48 hpe (Fig. 4c), which
at E3 is normally expressed by neural crest-derived cells in
the trigeminal ganglia, but not by ectomesenchyme in
the branchial arches. When examined 3–7 days post-
electroporation, many control transfected neuroepithelial
Fig. 3. Behavior of Dlx2 transfected aggregated cells. (a) At 24 hpe, aggregates were embedded in the neural tube (N-cadherin, red) but had not broken through
the basement membrane (laminin, blue). (b) By 48 hpe, many of these aggregates were found adjacent to the basal surface of the neural tube and the basement
membrane at the points where this happened was frequently disrupted and there appeared to be a loss of basement membrane components such as laminin (red)
underlying the neural tube (NT). (c) Some Dlx2 aggregates at 48 hpe were observed outside the neural tube, located close to the basal surface of the neural tube
at various dorsoventral levels. (d) Dlx2 transfected cell aggregates outside of the neural tube, expressed the cell adhesion molecules NCAM (e, blue) and N-
cadherin (f, red).
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(Fig. 4d). Similarly, many Dlx2 transfected cells both within
the neural tube and in the head mesenchyme close to the
neural tube displayed neuronal morphology, extended axons
along nerve tracts and some stained positively for theFig. 4. (a) Dlx2 transfected cells in the trunk neural tube at 48 hpe aggregated into
levels at 48 hpe, Dlx2 transfected cells in aggregates both within (filled arrow) a
HuC/HuD (red). A number of unaggregated Dlx2 transfected neuroepithelial cells
transfected cells outside the neural tube expressed the neuronal neural crest mark
(arrowheads). (d) At 7 days post-electroporation (7 dpe), control transfected cells c
(arrow) and were positive for HuC/HuD (red). (e,f) Dlx2 transfected cells within
nerves (red, arrows) at 7 dpe.neuronal markers neurofilament (Figs. 4e,f), HuC/HuD and
h-tubulin III (Tuj1). However, it was not possible to
determine what the small number of Dlx2 transfected cells
that migrated to the branchial arch were capable of
differentiating into. Many of the Dlx2 transfected cellsclusters in a very similar manner to the effect at cranial levels. (b) At cranial
nd outside (unfilled arrows) the neural tube expressed the neuronal marker
also expressed HuC/HuD (arrowheads). (c) A number of unaggregated Dlx2
er HNK-1 (red, arrows) at 48 hpe, while others were negative for HNK-1
ould be found in the trigeminal ganglia (T) and within the developing brain
and outside of the neural tube were associated with neurofilament positive
Fig. 5. Chick/quail grafting of control and Dlx2 transfected cells. Trans-
fected cells are identified by green (GFP) staining and quail cells are
identified by red (QCPN) staining. Some cells appear to be only labeled
with GFP as GFP is expressed throughout the cytoplasm while QCPN is a
perinuclear marker. (a) 48 h after electroporating quail neural folds and
grafting at the cranial level of HH8 chick hosts, control transfected cells had
migrated extensively and incorporated into the trigeminal ganglia (arrow)
and (b) could be seen surrounding the mesodermal core (blue, NCAM) of
the first branchial arch. (c) Dlx2 transfected cells remained clustered at the
site of grafting (arrow) and (d) few transfected cells could be seen entering
the branchial arch in comparison with controls (red). A significant
proportion of the Dlx2 transfected cells entering the branchial arch could
be seen incorporated into the mesodermal core (d, small arrows). HH14
branchial arch mesenchyme electroporated with the GFP-only expression
construct behaved in a similar manner to control transfected mesenchyme
(not shown). (e,f) Branchial arch mesenchyme cells transfected with the
Dlx2 expression construct remained at the site of grafting, clustered
together in small groups (arrows).
S.J. McKeown et al. / Developmental Biology 281 (2005) 22–37 29found outside the neural tube at 5–7 days were within
ganglia or along nerves (Figs. 4e,f). At E8, some Dlx2
transfected cells found in the mid- or hindbrain were posi-
tive for the neurotransmitter GABA (not shown). No abnor-
malities in either morphology or patterning of the neural
tube and craniofacial mesenchyme were observed in Dlx2
transfected embryos up to 7 days post-electroporation. This
is likely to be due to the normal development of the large
number of untransfected cells, which were either not or only
subtly affected by the presence of Dlx2 transfected cells.
Dlx2-mediated aggregation is independent of cellular
environment
Dlx2 is not normally expressed within the neural tube
prior to neural crest cell emigration. It was therefore
possible that the aggregation phenotype seen in neuro-
epithelial cells and lack of migrating Dlx2 transfected cells
was an aberrant response of the neural tube to ectopic Dlx2
expression. To determine if the aggregation phenotype was
cell autonomous, we compared the response to Dlx2
transfection of HH7–8 neural fold (containing pre-migratory
neural crest) to HH14–15 branchial arch mesenchyme in
which Dlx2 is normally expressed. Transfected quail tissues
were grafted into the paraxial mesoderm adjacent to the
neural tube of HH8 chick embryos (McKeown et al., 2003).
Neural fold tissue transplanted into the cranial paraxial
mesoderm gives rise to several cell types: non-migratory
neuroepithelial and non-neural epithelial cells that remain at
the graft site, and migratory neural crest cells that behave
like endogenous neural crest cells (McKeown et al., 2003).
In control embryos at 48 hpe following neural fold grafting
(n = 14), both transfected (GFP) and untransfected neural
crest cells (QCPN antibody in red) were indistinguishable
in behavior, with many cells migrating and contributing to
the trigeminal ganglia and found in the peripheral regions
of the first branchial arch (Figs. 5a,b), while other grafted
cells remained at the graft site. In contrast, embryos grafted
with Dlx2 transfected neural folds (n = 12) showed Dlx2
transfected neural crest cells often clustered into small
groups, remaining at the site of the graft with some
untranfsected cells (Fig. 5c). A small proportion of Dlx2
transfected cells were found in the trigeminal ganglia, and
also in the branchial arch. However, the proportion of
migratory transfected neural crest cells was small compared
to control and untransfected cells and the Dlx2 transfected
cells that entered the first branchial arch frequently
mislocalized to the NCAM-positive mesodermal core
(Fig. 5d).
We have previously demonstrated that HH14–15 bran-
chial arch mesenchyme retains significant migratory poten-
tial, with many grafted branchial arch cells migrating to the
branchial arch while a proportion of cells remain stationary
at the graft site (McKeown et al., 2003). As expected,
control transfected and untransfected branchial arch cells
were intermingled at the graft site and migrated toward thehost branchial arch in host embryos (n = 4) (not shown, but
see McKeown et al., 2003). However, in a similar manner
to neural fold grafts, Dlx2 transfected branchial arch
mesenchymal cells in host embryos (n = 10) were often
found clustered together in small groups, remaining close
to the graft site and failed to undergo significant migration
(Figs. 5e,f).
Dlx2 transfected cells exhibit an increase in the rate and
strength of cell–cell adhesion
The above results suggested that ectopic or over-
expression of Dlx2 increases cell–cell adhesion, which is
not dependent on cell type or location. To examine the
nature of this increase in cell–cell adhesion, we used
electroporated branchial arch mesenchyme, a mixed pop-
ulation including cells expressing endogenous Dlx2, in cell–
cell aggregation assays. Single-cell suspensions (n = 12) of
either control or Dlx2 transfected branchial arch mesen-
chyme were rotated on an orbital shaker over 24 h.
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control cells (Fig. 6), with differences first apparent at 6 h
(Figs. 6a,b), and were clearly distinguishable at 12 h as
much larger clusters compared to the less aggregated control
and untransfected cells (Figs. 6c,d). After allowing all cells
to aggregate into a large cluster after 24 h, transfected
control cells were randomly distributed among non-trans-
fected cells (Fig. 6e). In contrast, Dlx2 transfected cells had
sorted into core regions separate from non-transfected cells,
indicating a higher strength of cell–cell adhesion than
control cells (Fig. 6f).
In order to establish whether alterations in cadherin
expression were responsible for the increased cell–cell
adhesion of Dlx2 cells, we performed the aggregation assay
in the absence of calcium, by addition of 1 mM EGTA. All
cells, including Dlx2 transfected cells showed a decreased
rate of adhesion in the absence of calcium (Figs. 6g,h),
suggesting cadherins are required for the increased cell–cell
adhesion of Dlx2 transfected cells. However, in the absenceFig. 6. In vitro cell aggregation assay. A single-cell suspension of branchial arch m
agitated on a rotating platform in low-serum culture medium for 6 (a,b), 12 (c,d)
Cultures were photographed in situ at the specified time points and returned to thof calcium, the Dlx2 transfected cells still retained a greater
degree of cell–cell aggregation than control transfected
cells, suggesting that Dlx2-mediated aggregation also
involves the expression or activity of calcium-independent
adhesion molecules. Furthermore, Dlx2 transfected cells
without calcium displayed an equivalent or slightly higher
rate of cell–cell aggregation compared to control transfected
cells with calcium (Figs. 6c,h). Therefore, both cadherins
and calcium-independent cell adhesion molecules are
responsible for the increased cell–cell adhesion following
Dlx2 over-expression, with cadherins having a greater
impact on cell–cell adhesion.
Dlx2 transfection induces cell-autonomous upregulation of
N-cadherin and NCAM
To examine the behavior of transfected cells in culture,
we electroporated neuroepithelial cells with Dlx2 or control
DNA and cultured the cranial neural tube as a monolayer onesenchyme transfected with control (a,c,e,g) or Dlx2 plasmid (b,d,f,h) were
, or 24 (e,f) h or for 12 h in media containing 1 mM EGTA (g,h) at 378C.
e incubator.
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cells formed a flat sheet, and transfected cells were
morphologically indistinguishable from untransfected cells
(Figs. 7a,c). In contrast, Dlx2 transfected cells were
aggregated together into clusters and exposed far less
surface area than control and non-transfected cells (Figs.
7b,d). This behavior was also observed in branchial arch
mesenchyme following Dlx2 transfection and was inde-
pendent of the substrate since different substrates such as
laminin and collagen IV produced identical results (not
shown). We previously noted that aggregated Dlx2 trans-
fected neuroepithelial cells expressed N-cadherin and
NCAM. Both of these cell adhesion molecules are upre-
gulated in mesenchymal condensations, a necessary pre-
cursor to ectomesenchymal differentiation (DeLise et al.,
2000a; Hall and Miyake, 1995, 2000). To assess whether
Dlx2 transfection increases expression of N-cadherin and
NCAM cell-autonomously, we transfected branchial arch
mesenchyme, FACsorted the cells at 16 hpe to isolate the
GFP-positive cells and returned the cells to culture for 1–2
days. Few control transfected cells expressed either N-
cadherin or NCAM (Fig. 7e). Dlx2 transfected branchial
arch cells showed an increase in N-cadherin from at least 16Fig. 7. HH7 cranial neural tubes were electroporated with control (a,c) or Dlx2 (b
with Dapi (blue, a,b) and photographed in phase contrast (c,d). Branchial arch mes
for 24 h. Branchial arch mesenchyme cultures were stained for expression of N-chpe, and in many but not all cells an increase in NCAM was
also detected (Fig. 7f). N-cadherin was increased primarily
at cell junctions, whereas the increase in NCAM did not
appear to be localized at the cell surface, but was increased
diffusely throughout the cell. In addition, Dlx2 transfected
cells exhibited a more compact morphology in comparison
to control transfected cells (Figs. 7e,f).
Dlx2 over-expression increases the level of condensation in
micromass cultures
An increase in NCAM or N-cadherin in limb bud
micromass cultures increases the amount of condensation
and chondrogenesis (DeLise and Tuan, 2002b; Oberlender
and Tuan, 1994) and Dlx genes are involved in the
morphogenesis of tissues that pass through a mesenchymal
condensation phase. We therefore examined whether Dlx2
over-expression also increased the amount of condensation
in branchial arch micromass cultures. After 48 h in culture,
the distribution and morphology of Dlx2 transfected cells
were distinct from control transfected cells (n = 12 cultures
for each transfection). Control transfected cells were
distributed uniformly throughout the culture and cells varied,d) plasmids and placed into culture for 48 h. Cultures were counterstained
enchyme was transfected with control (e) or Dlx2 (f) plasmids and cultured
adherin (red) and NCAM (blue).
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8a). In contrast, no elongated Dlx2 transfected cells were
seen, and most transfected cells aggregated together, with
areas of non-transfected cells surrounding Dlx2 clusters
(Fig. 8b). Peanut agglutinin lectin (PNA), a commonly used
marker for pre-chondrogenic condensations (Hall and
Miyake, 1992), was used to assess the level of condensation
in control and Dlx2 cultures. The level of PNA staining in
Dlx2 cultures was dramatically higher than controls in
which a small number of individual cells became strongly
PNA positive (Figs. 8c,d) indicating enhanced levels of
mesenchymal condensation in Dlx2 transfected cells. We
assessed the ability of the micromass cultures to differentiate
into cartilage after 4 days in culture (n = 16 cultures for each
transfection). Control cultures gave rise to nodules of
cartilage, marked by expression of type II collagen (Fig.
8e) and alcian blue (not shown). However, Dlx2 cultures
showed very little expression of type II collagen (Fig. 8f) or
alcian blue, indicating that there was almost no cartilage
differentitation in Dlx2 cultures. Moreover, the littleFig. 8. Micromass cultures of control (a,c) and Dlx2 transfected (b,d) branchia
distributed randomly throughout cultures (a) while Dlx2 transfected cells formed
control cultures (c) produced weak staining except for occasional isolated cells (arro
cellular aggregates in b. Micromass cultures fixed after 4-day incubation and stain
control cultures (e) but very little to no cartilage differentiation in Dlx2 cultures. T
Dlx2 aggregates.expression of type II collagen in Dlx2 cultures was located
between Dlx2 aggregates (Fig. 8f).
Dlx5 transfection causes increased aggregation and
cell–cell adhesion
Dlx5 expression largely overlaps Dlx2 expression in the
mandibular process and distal 2nd arch (Acampora et al.,
1999; Depew et al., 1999; Simeone et al., 1994). Dlx5
knockout mice display skeletal dysmorphology mainly in
proximal mandibular structures. We over-expressed Dlx5 in
the cranial neural tube to assess whether the increased cell–
cell adhesion caused by Dlx2 was common to another
closely related member of the Dlx family. Dlx5 transfected
cells behaved in the same manner as Dlx2 transfected cells.
At 48 h, many Dlx5 transfected cells formed N-cadherin and
NCAM positive aggregates within the neural tube and head
mesenchyme (Figs. 9a,b,d–f). Few Dlx5 transfected cells
migrated away from the neural tube and were located
around the trigeminal ganglia and in the branchial archesl arch mesenchyme after 48 h incubation. Control transfected cells were
dense aggregates surrounded by untransfected cells (b). PNA staining of
w) while Dlx2 cultures produced intense staining (d) that corresponds to the
ed for collagen type II (Coll II, red) revealed differentiation into cartilage in
he little collagen II staining in Dlx2 cultures was negatively associated with
Fig. 9. Dlx5 over-expression causes cellular aggregation. (a) At 48 hpe, Dlx5 electroporated embryos exhibit a dramatic cellular aggregation of neuroepithelial
cells and a reduction in migratory neural crest cells. (b) In sections of the cranial neural tube at 48 hpe, aggregates can be seen both within and outside the basal
surface of the neural tube (red, N-cadherin, blue, NCAM). (c) Of the small number of Dlx5 neural crest that migrated into the branchial arches, a significant
proportion mislocalized to the mesodermal core (arrow, red, N-cadherin; blue, NCAM). Dlx5 expressing aggregates within the neural tube at 48 hpe (d, arrow)
appear to downregulate N-cadherin at the apical surface of the neural tube (e) but upregulate NCAM (f). Dlx5 expressing aggregates outside the neural tube
upregulate N-cadherin (arrowhead, d,e).
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proportion of the Dlx5 transfected cells in the first branchial
arch were located in the mesodermally derived core region
(Fig. 9c). Interestingly, the apical N-cadherin staining was
decreased in Dlx5 aggregates within the neural tube,
although aggregates subjacent to the basal surface of the
neural tube were N-cadherin-positive, and aggregates in
both locations were positive for NCAM (Figs. 9d–f).Discussion
Loss of Dlx genes in mice results in skeletal dysmor-
phology and, together with the nested expression patterns of
Dlx family members within the branchial arches, this
implicates Dlx genes in interpreting or enforcing patterning
information within the craniofacial skeleton. However, the
mechanism through which Dlx genes carry out this role is
unclear. We have demonstrated that ectopic or over-
expression of Dlx2 and Dlx5 impacts heavily on the cell
adhesion machinery by increasing cell–cell adhesion of
transfected cells and promoting cell aggregation. N-cadherin
and NCAM are both expressed during the formation of
mesenchymal condensations and alterations in the expres-
sion of either of these molecules affects the extent of
condensation and subsequent size and shape of cartilage
nodules (DeLise and Tuan, 2002a,b; Oberlender and Tuan,
1994; Tavella et al., 1994; Widelitz et al., 1993). Further, the
size and shape of mesenchymal condensations has a strong
influence over the form of the resulting skeletal elements
(reviewed in Hall and Miyake, 1992). In other contexts,
mesenchymal condensations are also required for the
formation of hair, feather buds, and teeth (Price et al.,
1998; Rouzankina et al., 2004; Thomas et al., 1997). Over-expression of Dlx2 or Dlx5 in the skin causes fusion of
feather buds and upregulation of NCAM and tenascin, an
extracellular matrix component associated with condensa-
tion (Rouzankina et al., 2004). Thus, we suggest that one
mechanism through which the Dlx2/5 genes control
morphogenesis during development is the regulation of cell
adhesion that precedes and drives mesenchymal condensa-
tion. The impact of Dlx2 and -5 transfection both in ovo and
in vitro is consistent with the previous suggestion of
abnormalities at the condensation stage in Dlx2 null mice
(Smith and Schneider, 1998) and highlights the potential of
Dlx2/5 genes to control the formation of mesenchymal
condensations. The patterning anomalies observed in Dlx2
and -5 null mice may therefore stem from a failure to
engage these adhesion mechanisms resulting in a reduction
in the level of mesenchymal condensation and failure of
normal skeletal morphogenesis.
In contrast to this proposed role in promoting condensa-
tion and skeletogenic differentiation, we demonstrated that
Dlx2 over-expression in micromass cultures, while posi-
tively regulating condensation, has an inhibitory effect on
development of cartilaginous characteristics. This observa-
tion appears to be at odds with our understanding of the
relationship between condensation and differentiation dur-
ing skeletogenesis. However, condensation is a transient
event during development, persisting for as little as 12 h in
chick mandibular development (Dunlop and Hall, 1995).
Previous studies investigating the mechanisms of mesen-
chymal condensation have demonstrated a similar promo-
tion of condensation and inhibition of differentiation
following over-expression of N-cadherin (DeLise and Tuan,
2002a). Thus, since Dlx2 expression results in sustained
upregulation of both N-cadherin and NCAM, the transfected
cells appear unable to progress from the condensation to
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expression of N-cadherin lasting for 2–3 days promotes both
condensation and differentiation (DeLise and Tuan, 2002b).
Ectopic expression of either Dlx2 or -5 in the neural folds
resulted in a drastic reduction of migratory neural crest cells,
although the small number of transfected cells capable of
migration were found in distant sites such as the branchial
arches indicating that they had no inherent inability to
migrate. Dlx5 and Dlx3 are expressed in the epidermal
ectoderm adjacent to the developing neuroepithelium from
pre-gastrulation to neurulation stages (Luo et al., 2001; Pera
et al., 1999). Dlx epidermal–ectoderm expression is
involved in positioning the neural plate border between
neural and non-neural ectoderm, by inhibiting neural plate
differentiation and promoting development of border-spe-
cific cells (McLarren et al., 2003; Woda et al., 2003). Dlx
gene expression is required for the specification of neural
crest in the neighboring neural folds, acting on adjacent or
nearby cells to mediate cell fate decisions. However,
expression of Dlx alone is not sufficient for neural crest
formation as expansion of Dlx expression into the neural
plate has been shown to inhibit expression of neural crest
markers (McLarren et al., 2003; Woda et al., 2003). The
observed decrease in migratory Dlx2 or -5 transfected cells
may be a consequence of Dlx over-expression on cell fate
decisions, inhibiting development of neural crest cells from
the neuroepithelium. However, at the 3–5 somite stage when
electroporation was carried out, the neural folds are already
established and many neural crest cells are already specified.
Therefore, although Dlx transfection may cell-autono-
mously prevent many neuroepithelial cells from becoming
neural crest and inhibit expression of neural crest markers, it
may not be able to prevent those crest cells already
undergoing an epithelial–mesenchymal transition from
migrating, which they begin from the 6 somite stage in
chick (Tosney, 1982).
Alternatively, the reduction in migration and lack of
neural crest marker expression may be a direct consequence
of increased cell–cell adhesion and aggregation. Over-
expression of N-cadherin in the neural tube inhibited
migration of pre-migratory neural crest (Nakagawa and
Takeichi, 1998). Similar effects were observed following
over-expression of either full-length or cytoplasmically
deleted Xcadherin-11 in Xenopus suggesting that it was
increased adhesion rather than the subsequent signaling that
inhibited neural crest development (Borchers et al., 2001).
Consistent with this, isolated Dlx2 transfected cells in vitro
were phenotypically indistinguishable from controls while
only those in close association with other Dlx2 transfected
cells formed aggregates. Likewise, isolated Dlx2 or -5
transfected cells within the neuroepithelium appeared to
have a typical spindle shaped neuroepithelial morphology.
Thus, the small number of migratory Dlx2 transfected cells
may have been isolated from other transfected cells and
therefore unable to take part in the formation of aggregates.
In addition, these isolated cells did not always displayincreased expression of NCAM or N-cadherin, suggesting
that signaling between adjacent Dlx transfected cells may
promote or be required for increased expression of cell
adhesion molecules. In support of this, the effect of
epidermal Dlx genes on inducing neural crest in the adjacent
neural fold is non-cell autonomous, suggesting Dlx expres-
sion mediates production of short-range signaling factors
that induce expression of neural crest and placode markers
in neighboring cells (McLarren et al., 2003; Woda et al.,
2003). The mechanism by which Dlx positive cells
communicate with and signal to adjacent cells is not known
although the recent evidence that homeodomain transcrip-
tion factors may be secreted and act as signaling factors
could provide at least a partial explanation for this
phenomenon (Prochiantz and Joliot, 2003).
A significant proportion of Dlx2 or -5 transfected cells
that migrated to the branchial arch were found in the
normally crest-free, NCAM, and N-cadherin positive meso-
dermal core region possibly due to cell sorting by cell
adhesion molecules. Dlx2 or -5 transfected cells expressing
N-cadherin and NCAM incorporated into the core, whereas
neural crest cells normally lack these molecules during the
colonization of the arches and are excluded from the core
region. However, in contrast to the branchial arch, most
Dlx2 or -5 transfected cells near the trigeminal ganglia were
located around the periphery of the ganglia and along the
developing nerve but did not integrate into the trigeminal
ganglia, which is also N-cadherin and NCAM positive. The
reason for this is unclear, as many Dlx2 transfected cells in
the periphery and neural tube differentiated into neurons,
and some were observed within ganglia extending axons
along nerves. Thus, there may be differences in the
mechanisms of cell sorting and aggregation between the
branchial arch mesenchyme and that which forms the
trigeminal ganglia.
We used grafting studies and in vitro culture to show that
the increase in transfected cell aggregation following
ectopic or over-expression of Dlx2 is independent of cell
type. Studies of the establishment of the neural plate border
have also demonstrated an increase in cell aggregation
following over-expression of Dlx5 (McLarren et al., 2003).
Dlx2 transfected cells aggregated at a faster rate and
demonstrated stronger cell–cell adhesions than control
branchial arch mesenchyme. This increased cell–cell adhe-
sion was primarily calcium dependent but calcium-inde-
pendent cell adhesion also played a role. The most likely
cell adhesion molecules responsible for this are N-cadherin
and NCAM, which were upregulated by Dlx2 in both
neuroepithelial and branchial arch mesenchyme, although it
is possible that other adhesion molecules are also involved.
Dlx2 and Dlx5 mis-expression in the dermis and epidermis
have recently been shown to upregulate expression of
NCAM (Rouzankina et al., 2004) while DLX7 over-
expression in Ba/F3 cells upregulated ICAM-1 and -2
(Shimamoto et al., 2000), suggesting that regulation of cell
adhesion may be a general feature of Dlx genes. However,
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to a transcriptional activator repressed expression of NCAM
in Xenopus neural plate, although the expression of other
cell adhesion molecules such as N-cadherin was not
examined (Woda et al., 2003). While it is unclear if Dlx2
and Dlx5 upregulated N-cadherin and NCAM directly, the
presence of a homeodomain binding site in an upstream
regulatory element of the NCAM promoter (Hirsch et al.,
1991) suggests this may be the case at least for NCAM. Few
targets of Dlx regulation in the branchial arches are known.
However the observation that Dlx6 mediates endothelin-1-
dependent upregulation of the transcription factor dHand
(Charite et al., 2001) and the regulation of Wnt1 expression
by Dlx2 (Iler et al., 1995) suggests that Dlx functions are not
mediated entirely through the regulation of the cell adhesion
machinery.
Dlx2 is expressed by migratory neural crest in mouse and
zebrafish (Akimenko et al., 1994; Qiu et al., 1995) prior to
entry into the branchial arches and Dlx2 expressing neural
crest within the branchial arch do not exhibit the aggrega-
tion behavior we observed following over-expression. Thus,
during development, factors normally present within the
migratory and branchial arch neural crest may inhibit or
modify the ability of Dlx2 to impact on the cell adhesion
machinery. The factors responsible for this activity are
unclear but Dlx2 acts as a transcriptional activator and this
activity is inhibited following dimerisation with Msx2 in
vitro (Zhang et al., 1997). During early branchial arch
development, the expression patterns of Dlx2 and both
Msx1 and -2 overlap extensively (Zhang et al., 1997)
providing ample opportunity for this antagonistic relation-
ship to exist in vivo. As development proceeds, the
expression of the Msx genes regresses to the distal tip of
the branchial arches while Dlx2 remains widely distributed
(Zhang et al., 1997). Interestingly, the onset of mesenchy-
mal condensation within arch I corresponds to the period
during which the Msx genes regress to the tip of the arch.
Thus, Msx1 and -2 are good candidates for genes that
modify the activity of Dlx2 by first inhibiting and then
permitting the upregulation of the cell adhesion machinery
necessary for mesenchymal condensation. The results of our
transfection studies suggest that elevated levels of Dlx2
may overwhelm endogenous inhibitors of the cell adhesion
apparatus resulting in an exaggerated cell adhesion pheno-
type. In support of this hypothesis, Msx1 expression in
vitro decreases cadherin-mediated cell adhesion (Lincecum
et al., 1998) and Msx2 expression inhibits chondrogenic
differentiation (Takahashi et al., 2001). In addition, down-
regulation of Msx2 expression in vitro promotes chondro-
genesis in the mandible (Mina et al., 1996). While these
findings do not explicitly demonstrate a role for Dlx genes
in the formation of mesenchymal condensations, they
suggest a mechanism by which Dlx genes could regulate
cell adhesion and thereby control skeletal development.
Branchial arch I is populated by Hox negative neural
crest and it is possible that other patterning molecules in thehead take up the function of the Hox genes in more caudal
domains. The Dlx family of homeodomain transcription
factors are strong candidates to take on some of these
patterning functions (Akimenko et al., 1994). A number of
Hox genes such as Hoxd-11 and Hoxa-13 have previously
been implicated in regulating mesenchymal cell adhesion
and condensation (Goff and Tabin, 1997; Yokouchi et al.,
1995). In addition, the homeotic transformations observed
in many Hox knockout or over-expression studies are likely
to involve changes at the condensation stage. As with the
Hox genes, the identification of a cellular function regulated
by Dlx family members is crucial in understanding how
patterning information is translated into form during
development. Our finding that Dlx2 and Dlx5 regulate the
cell adhesion apparatus in ectomesenchyme is not only
relevant to craniofacial development but also has important
implications for Dlx gene function in other morphogenetic
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